This paper explores the nano-scratch technique for measuring the adhesion strength of a single osteoblast cell on a hydroxyapatite (HA) surface reinforced with carbon nanotubes (CNTs). This technique efficiently separates out the contribution of the environment (culture medium and substrate) from the measured adhesion force of the cell, which is a major limitation of the existing techniques. Nano-scratches were performed on plasma sprayed hydroxyapatite (HA) and HA-CNT coatings to quantify the adhesion of the osteoblast. The presence of CNTs in HA coating promotes an increase in the adhesion of osteoblasts. The adhesion force and energy of an osteoblast on a HA-CNT surface are 17 ± 2 μN/cell and 78 ± 14 pJ/cell respectively, as compared to 11 ± 2 μN/cell and 45 ± 10 pJ/cell on a HA surface after 1 day of incubation. The adhesion force and energy of the osteoblasts increase on both the surfaces with culture periods of up to 5 days. This increase is more pronounced for osteoblasts cultured on HA-CNT. Staining of actin filaments revealed a higher spreading and attachment of osteoblasts on a surface containing CNTs. The affinity of CNTs to conjugate with integrin and other proteins is responsible for the enhanced attachment of osteoblasts. Our results suggest that the addition of
Introduction
The integration of an orthopedic implant with the bone is crucial for its clinical success. The osseointegration of implants is greatly dependent on the retention of osteogenic cells on the implant surface.
In particular, for anchorage-dependent cells like osteoblasts, chondrocytes etc, the initial cell-biomaterial interaction and attachment regulates the subsequent biological cascade of proliferation, differentiation, extracellular matrix production (ECM) and matrix mineralization [1] [2] [3] [4] . Unsuccessful attachment of osteogenic cells can even cause dedifferentiation and the loss of their phenotype [5, 6] . Further, considering the presence of mechanical forces at the implant-bone interface, the initial attachment and spread of bone forming cells turns out to be vital for a successful implant [2, 3, 7, 8] . Proposed materials for orthopedic implants thus demand a quantitative understanding of the cell adhesion on the surface.
Several techniques have been adopted by different research groups to evaluate the adhesion of cells with the underlying substrate. Table S1 (supporting document available at stacks.iop.org/Nano/22/355703/mmedia) presents a comprehensive compilation of the major techniques with their advantages and limitations in assessing the adhesion of the cell. Qualitative techniques are widely used due to their ease in application, though the outcome is always comparative in nature. The quantitative techniques can be broadly divided into two categories. The first ones are those in which the adhesion force of a single cell is evaluated using indirect relationships. Examples of such techniques are centrifuging, spinning disc, shearing by hydrodynamic force [9] [10] [11] [12] . The second quantitative category consists of the techniques that are capable of measuring the adhesion force of a single cell directly. Atomic force microscopy (AFM), micropipette suction, cytodetacher and shearing by a cantilever are the major techniques in this category. Although AFM is a suitable technique for measuring the adhesion of a single cell [13] , the attachment of a cell on the AFM probe or cantilever can pose stress induced damage to the cell due to the long time required for the procedure. Micropipette suction can also measure the force required to detach a cell from the substrate, but inherits a risk of rupturing the cell membrane and damaging the cell due to the application of localized tensile force [14] . A very attractive way of quantifying the adhesion of a single cell is by the application of shear force to a cell parallel to the substrate and recording the deflection of a cantilever to measure the detachment force [15] [16] [17] . This method is suitable as it does not cause cell damage prior to its detachment. Two different groups of researchers have adopted this principle to develop methods for cell adhesion quantification, namely, cytodetacher [17] and shear force measurement [15, 16] . In both these techniques, the adhesion force is calculated from the deflection of the cantilever caused by the reaction of the cell. This calculation engages the compliance of the cantilever and incorporates a conversion factor for calculating the force from the deflection, which is often a source of error [18] . The optical technique was used for determination of the cantilever deflection. A highly sensitive piezo-transducer which is capable of recording very low shear forces was unavailable at the time of this study [17] . Possible sources of measurement errors in the cytodetacher technique include: quantification of small deflection using a conjugate system of carbon filament (glued at the back of cantilever), optical microscope and photodiode. Moreover, while pushing the cell, the cantilever immersed in the liquid medium experiences a resistance from the fluid, which also adds to the cell adhesion value, leading to an error in estimation.
In the present study, we propose a nano-scratch technique using a nanoindenter, which also uses the principle of shear force measurement to quantify the adhesion of a single cell. However, this technique measures the force directly and does not rely on computation of the force as in the case of cytodetacher. Moreover, the scratch made in similar conditions without cells but with a culture medium helps to subtract the contribution of the medium and underlying substrate in the lateral force measured for the cell detachment.
Thus, this technique overcomes the limitations of existing ones for an accurate measurement of the adhesion force for a single cell. We have demonstrated the success of this technique in our recently published study, where the adhesion strength of 1D structures such as carbon nanotubes (CNTs) and carbon nanocones (CNC) has been quantified for a single nanotube/nanocone [19] .
In addition to the development of a new cell adhesion measurement technique, this study also highlights the role of nanotubes in improving the adhesion of osteoblasts on a hydroxyapatite (HA) surface reinforced with CNTs. Plasma sprayed HA coating is in clinical use for orthopedic implants [20] . Our research group has shown that CNT reinforcement to plasma sprayed HA coatings improves the fracture toughness and wear resistance [21] [22] [23] [24] . In addition, CNT is also found to promote osteoblast proliferation and viability on plasma sprayed HA coatings [21, 24] . However, the role of CNT addition on the adhesion behavior of osteoblasts on HA based coatings is unknown, which is critical for new bone growth and osseointegration.
Thus, the objective and novelty of this study are twofold: (i) to establish the nano-scratch technique as an appropriate tool to quantify the adhesion strength of a single cell and, (ii) to observe the effect of CNT on the adhesion of a single osteoblast on HA based coatings. The adhesion force of cells on a substrate is governed by transmembrane link-up proteins and focal adhesion assemblies, which connect actin filaments inside the cell with ECM components. Thus, the development, orientation and lay-out of actin filaments inside the cell indicate their spreading and attachment with the substrate. Staining of actin filaments to study osteoblast's behavior is carried out simultaneously to understand the biological mechanism underlying differential adhesion force and energy of an osteoblast on HA substrates with and without CNTs.
Materials and methods

Synthesis of HA/HA-CNT coating
Plasma sprayed hydroxyapatite (HA) and hydroxyapatite −4 wt% carbon nanotube (HA-CNT) coatings were deposited on Ti-6Al-4V alloy substrate.
The details of powder preparation and plasma spraying are available in our earlier publication [24] .
A JEOL JSM-633OF field emission scanning electron microscope was used for the microstructural observation of the coatings. Figure 1(a) shows the mounted and polished cross-section of HA-CNT coating on the Ti alloy substrate. The coating is uniform and 150 μm thick. A higher magnification SEM image of the top surface of the coating reveals the embedded network of CNTs in HA matrix ( figure 1(b) ). Osteoblasts were grown on this HA-CNT coating surface for the adhesion measurement experiments.
Osteoblast cell culture for nano-scratch study
HA and HA-CNT coated surfaces (10 mm×10 mm area) were washed with 95% ethanol followed by washing three times with fresh medium and left for 3 h in a hood under UV light before cell culture. Permanox plastic chamber slides (Fisher Scientific, Pittsburgh, PA) were also used for cell culture for comparison purposes. The HA and HA-CNT coatings were polished with alumina powder suspension (up to 0.3 μm size) to have similar surface roughnesses. The surface roughnesses of the HA and HA-CNT coatings, measured using a TR200 instrument (Micro Photonics Inc., Irvine, CA), were 80 (±25) and 70 (±15) nm respectively. The surface roughness (R a ) of permanox is 50 (±10) nm. Human osteoblasts ATCC CRL-11372 (ATCC, Manassas, VA) were cultured on the HA and HA-CNT coated substrates and permanox plastic chamber slides at 310 K (37
• C), using 5% CO 2 in a 1:1 mixture of Ham's F12 Medium Dulbecco's modified eagle's medium, with 2.5 mM L-glutamine. The phenol red-free base medium was supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 100 UI ml −1 of penicillin, and 100 μg ml −1 of streptomycin (MP Biomedicals, Irvine, CA). Osteoblasts were cultured on all three surfaces for 1, 3 and 5 days before the nano-scratch test for the adhesion force measurement.
Nano-scratch to measure adhesion force of osteoblast
Nano-scratch studies for the adhesion force measurement of the osteoblast were performed using the 2D scratch mode of a Hysitron Triboindenter TI 900 with a normal load resolution of 1 nN, lateral load resolution of 3 μN and lateral displacement resolution of 4 nm. All the tests were performed within 1 h of collecting the substrates with cells from the incubator. The osteoblasts were kept immersed in the culture medium during the nano-scratch study. A long, conospherical fluid cell tip of 1 μm radius was used to minimize the meniscus forces caused by the culture medium. A 15 μm long scratch was made, with 15 μN normal force and 0.5 μm s −1 velocity, starting on the substrate (∼5 μm away from cell) and going toward the cell to push and detach it from the surface. The schematic of the technique is presented in figure 2(a) , which includes a cell on the substrate with the indenter at different stages of scratching. Corresponding regions are also labeled in a load versus displacement curve presented in figure 2(b) . The adhesion force was measured for osteoblasts cultured for 1, 3 and 5 days on permanox plastic slides, HA and HA-CNT coated surfaces. Scratches were also made on all surfaces without any cells to evaluate the effect of the substrate and culture medium in the same loading condition. The value of the lateral force on the bare substrate (without cell) was subtracted from the lateral force curve obtained by nano-scratch of the cell (figure 2(b)) to calculate the adhesion force of a cell. The area under the lateral force versus displacement curve for the cell is calculated to estimate the adhesion energy of a cell ( figure 2(b) ). Thus, this technique enables an accurate quantification of the cell adhesion on a substrate avoiding errors introduced due to the substrate and culture medium. Figure 3 presents the optical image of cells on the permanox surface before and after scratch, revealing a distinct movement of the cell by >9 μm due to scratching. Figure S1 in the supporting document (available at stacks.iop.org/Nano/22/ 355703/mmedia) presents a similar set of optical images for osteoblast on the HA-CNT coated surface.
Actin staining and fluorescence microscopy of osteoblasts
For actin imaging studies, osteoblasts were grown on HA and HA-CNT coated surfaces with the same procedure as described earlier. After 1, 3 and 5 days of incubation, the coated substrates were washed with phosphate-buffered saline (PBS), fixed with 3.7% paraformaldehyde for 20 min, and permeabilized with 0.2% Triton X-100 for 5 min. Subsequently, the cells were washed with PBS and incubated with tetramethylrhodamine B isothiocyanate (TRITC)-conjugated phalloidin (Sigma-Aldrich) diluted 1:2000 in 1% BSA/PBS for 1 h to visualize F-actin. The cells were washed again with PBS and then mounted using Citifluor Mounting media (Ted Pella). The samples were examined using a Leica Leitz DM RB fluorescent microscope (Leica, Bannockburn, IL). Digital images were captured with a Leica DM 500 camera.
Results and discussion
Adhesion of osteoblasts as a function of substrate type and incubation time
The adhesion of an osteoblast was quantified in terms of the lateral force required for its detachment from different substrates. Figure 4 (a) presents the lateral force versus displacement curves for an osteoblast on HA and HA-CNT surfaces after 5 days of incubation. The same figure also includes the lateral force versus displacement curves for detached, the lateral force shows a drop from its peak. A closer observation of this curve reveals that even after detachment of the cell, the lateral force does not drop down to the same level as of the bare substrate. This is because a smaller amount of lateral force is required to push the detached cell along the scratched path/direction. The cell adhesion force is obtained by subtracting the lateral force contribution of the bare scratch from the height of the lateral force hump as shown in figure 2 . Figure 4 (a) also provides a comparison of the lateral force required to detach an osteoblast from HA and HA-CNT surfaces. The osteoblast is found to have better adhesion to the HA-CNT surface as compared to HA. Figures 4(b) and (c) show the adhesion force of osteoblasts cultured for 1, 3 and 5 days on HA-CNT and HA surfaces respectively. In both substrates, the adhesion strength increases with the incubation period. During nano-scratch, the tip is placed approximately 5 μm away from the cell by estimating the distance through an optical microscope attached to the nanoindenter. The resolution of this microscope is not sufficient to exactly measure the 5 μm distance from the cell membrane and varied between ∼5-10 μm in different tests. Thus, the starting point for an increase in the lateral force due to cell detachment varies from plot to plot in figures 4(a)-(c). Table 1 lists the adhesion force of the osteoblast on permanox plastic, HA and HA-CNT surfaces for 1, 3 and 5 days of growth period. The adhesion energy of the osteoblast computed from the area under the curve is also presented in table 1. The change in adhesion energy from one substrate to another and as a function of incubation period can be easily visualized in figure 5 . The adhesion energy also follows a similar trend as the adhesion force. The osteoblast shows the lowest adhesion energy on the permanox surface, followed by HA and highest on HA-CNT. The degree of increase in adhesion energy from 1 to 5 days is higher for HA and HA-CNT coated surfaces as compared to permanox. At least eight tests were performed in each condition and the standard deviation is reported based on these results in table 1. The consistency of the results makes the difference in adhesion force and energy very significant. The osteoblasts showed better adhesion on HA and HA-CNT surfaces than on permanox plastic (table 1 and figure 5 ). The adhesion increased significantly with the incubation period on HA based surfaces than plastic, which proves those surfaces to be more suitable for osteoblast adhesion. Better adhesion of osteoblasts to HA than plastic has also been observed by other research groups [25] [26] [27] [28] [29] , although not quantified. Using gene expression profiling Xie et al [28] reported enhanced differentiation for osteoblasts cultured on HA when compared to those cultured on plastic with better spreading, which indicates better attachment. The same study also reported better attachment of surface proteins from serum (in cell culture medium) to the HA surface, which influences integrin signaling and causes cell attachment [28] . Ozawa and Kasugai showed that osteoblasts cultured on HA express a higher level of osteopontin than those grown on plastic. Higher levels of osteopontin may allow for better cell attachment at bone remodeling sites [25] . Moreover, a single osteoblast was found to synthesize more ECM with type I collagen and osteonectin on HA than on plastic [26, 27] , which may increase the attachment of the cell with the HA substrate. All these reports, along with the quantitative evaluation of adhesion force and energy presented in the present study, confirm that the attachment of a single osteoblast is better on HA based surfaces than plastic. It is also observed that the presence of CNTs increases the adhesion energy of an osteoblast on HA based coatings by 73, 95 and 63% for 1, 3 and 5 days of cell growth period, respectively (table 1) . Therefore, to understand the biological changes elicited by CNTs that may promote cell adhesion, actin staining was performed for osteoblasts grown on HA and HA-CNT coated substrates.
Actin network formation in osteoblasts as a function of substrate type and incubation time
Actin filaments constitute one of the three major components of the cells' cytoskeleton and are directly involved in defining the cell's shape and rigidity. When osteoblasts adhere to a surface, they form filopodia where parallel actin filaments can be seen organized in bundles. The integrin family of heterodimeric transmembrane receptors connects the actin filaments to the ECM during the process of cell adhesion. Staining of actin filaments reveals the spreading of the cell and its shape on the substrate. Better spreading is an indicator of improved adhesion. Figure 6 presents the fluorescence images of the stained actin network of osteoblasts on HA and HA-CNT surfaces for 1, 3 and 5 days.
The images of day 1 clearly show more stretched, well oriented and more prominent actin fiber formation in the osteoblast cytoskeleton on the HA-CNT surface than on HA. When the cells are subjected to stress, the formation of actin stress fibers is regulated by signaling pathways that may involve integrin receptors [30] [31] [32] . Bone cells/fibroblasts are found to form stress fibers when anchored with collagen, but not within a floating gel [33] . Walcott and Sun have reported a faster and greater aggregation of actin filaments with external tensile force applied on the cytoskeleton in addition to the orientation of filaments along the force direction [30] . Thus, the oriented and prominent actin fiber formation on the HA-CNT surface could be due to the better spreading and adhesion of osteoblasts on that surface, which causes tensile force in osteoblast cytoskeleton. This observation is in direct agreement with the higher adhesion energy of osteoblasts on the HA-CNT surface measured in the present nano-scratch study. A similar trend continued with the longer incubation periods of 3 and 5 days, when the osteoblasts on the HA-CNT surface showed increasingly more intense actin staining with nicely developed and oriented actin fibers as compared to that on the HA surface ( figure 6 ).
Image based analysis was carried out using ImageJ software [34] to obtain a quantitative measurement of osteoblast actin expression on the HA and HA-CNT surfaces, by determining the number of stained pixels that represent actin filaments. Figure7(a) presents the comparative number of stained pixels within a single osteoblast cultured on HA and HA-CNT surfaces for 1 day. The higher numbers of stained pixels found in osteoblasts cultured on the HA-CNT surface indicate more actin fiber formation. Figure 7 (b) presents the pixel based measurement of the area fraction on HA and HA-CNT surfaces covered by a cytoskeletal actin network. All through the incubation period, the HA-CNT surface shows a more intense and well spread actin fiber network than HA. Hence figures 6 and 7 clearly indicate that CNTs enhance the spreading and adhesion of osteoblasts.
It is well established that stable osteoblastic cell adhesion is mediated by integrins that play a major role in the survival of primary osteoblasts [35, 36] . Integrin receptors comprise of two transmembrane glycoprotein subunits α and β. The cytosolic domain of integrin associates with adapter proteins, like α-actinin, vinculin, and talin to form a focal adhesion assembly with actin filaments inside the cell. ECM ligands bind with the α/β subunit interface at the extracellular domain of integrins. In this manner, the intracellular cytoskeletal actin filaments are linked to the ECM or substrate [37, 38] . The attachment of osteoblasts with different ECM components or different substrates is mediated by different combinations of integrin subunits [35, 39, 40] . For example, α 2 , α 3 , α 4 , α 5 , α 6 , β 1 and β 3 integrin subunits are expressed on a polystyrene surface, whereas, α 5 , α 6 , and β 1 are expressed on metallic surfaces like titanium and cobalt-chrome [35] . α 2 β 1 was found to mediate osteoblast response on a Ti surface [40] and type I collagen [39] . Lai et al have shown α υ β integrins to mediate osteoblast response with many bone matrix proteins [39] . CNTs also have a specific affinity to integrins [41] [42] [43] [44] . Functionalized CNTs were shown to have a high affinity to α υ β 3 integrin and have been proposed for tumor targeting to deliver radioisotope drugs in cancer therapy [41] [42] [43] [44] . The affinity of CNTs to integrin conjugation could also play an active role in the promotion of osteoblast attachment on the HA-CNT substrate. CNTs are also reported to attach cell adhesive proteins from serum in a cell culture medium [45] . These proteins can further enhance the integrin mediated attachment of osteoblasts on CNT surfaces. shows a proposed schematic model of the integrin mediated focal adhesion mechanism that may be responsible for linking the osteoblast cytoskeletal actin filaments to CNTs. Figure 8 (b) reveals the network of exposed CNTs on the surface of HA-CNT coating, on which osteoblasts were cultured. These exposed CNTs are favorable sites for integrin attachment. We propose that this additional integrin-CNT attachment over the normal attachment of integrin-ECM aids in increased adhesion strength on the HA-CNT surface.
A closer look at the adhesion force and energy of osteoblasts on the three surfaces after 1 day (table 1) strengthens the hypothesis that CNTs assist osteoblast adhesion. After 1 day of culture, the adhesion force and energy of an osteoblast is almost similar on permanox and HA surfaces but it shows an increase of 55% and 73%, respectively, on the HA-CNT surface. Although the ECM production rate per cell is more on HA than on plastic [26, 27] , the amount generated in 1 day of incubation might not be sufficient to exert a significant difference. Thus, the adhesion of an osteoblast on HA shows just a minimal increase when compared to that on plastic. However, in the case of HA-CNT, the surface is already rich with a CNT network, providing readily available locations for integrin attachment. In addition to integrin mediated initial adhesion, CNTs also show a high affinity to other ECM proteins, like fibronectin, which can enhance the focal adhesion of cells [46] . The higher adhesion energy of osteoblast on HA-CNT for 3 and 5 days could be a combined result of CNT-integrin and CNT-ECM protein attachment. Thus, the presence of CNTs on the surface results in better adhesion of osteoblasts even at an initial period of growth, which should be extremely beneficial for quicker healing and osseointegration.
Summary
The present study reveals the positive effect of CNTs on the adhesion of osteoblasts on orthopedic implant surfaces. This study also proposes and establishes a nano-scratch technique for the accurate measurement of the adhesion force of a single cell with the underlying substrate. The simplistic and universal nature of this technique makes it suitable for measuring the adhesion force for a large variety of cells on any kind of flat surface. The adhesion of osteoblasts is quantified on plasma sprayed HA surfaces with and without CNT reinforcement. An osteoblast shows 73, 95 and 63% higher adhesion energy on the HA-CNT surface than HA for 1, 3 and 5 days of incubation, respectively. In agreement with the adhesion force and energy, the staining of the osteoblast cytoskeleton also reveals a more intense, prominent and well oriented actin filament network on the HA-CNT surface than on HA. These results indicate the better attachment and spreading of osteoblasts in the presence of CNTs. We suggest that the reason for such behavior is the affinity of CNTs toward integrins and other cell adhesive proteins that mediate the attachment of osteoblasts on the substrate.
